Background: In this study, we compared the effectiveness of debris removal among the EndoVac (EV), passive ultrasonic irrigation (PUI), self-adjusting file (SAF) and needle irrigation (NI) techniques.
Introduction
Thorough debridement is crucial for the long-term success of root canal treatment. Hand and rotary instrumentation techniques produce an irregular, granular and amorphous layer covering the root canal dentin, referred to as the smear layer. The presence of a smear layer was shown to negatively influence the coronal and apical seal of root canal-treated teeth [1] . Removal of the smear layer is recommended because it results in a more thorough disinfection of the root canals and ensures better adaptation between the obturating materials and the canal walls.
Hand and/or rotary instrumentation along with needle irrigation (NI) does not effectively debride the entire root canal [2, 3] . Additionally, the intricacies within the apical third of the root canal render complete debridement a clinical challenge [4] . Irrigation is an essential part of the root canal debridement because cleaning beyond what can be achieved by root canal instrumentation alone is possible [5] . The mechanical and chemical effectiveness of the irrigation delivery system depends on its ability to deliver irrigants to the apical third and non-instrumented regions of the canal space. Additionally, the system should create a strong current to carry the debris away from the canal walls [6] .
Irrigation solutions are often delivered with a 30-or 27-G endodontic slot-tipped needle placed into the canal just short of the apex. The depth of needle penetration is dependent on the size and morphology of the canal, rendering this technique difficult [7] .
The self-adjusting file (SAF; ReDent Nova, Ra'anana, Israel) is hollow and designed as a thin cylindrical nickeltitanium lattice that adapts to the cross-section of the root canal. A single file is used throughout the procedure [8, 9] . The resulting circumferential pressure allows the file's abrasive surface to gradually remove a thin, uniform hard-tissue layer from the entire root canal surface, resulting in a canal with a similar cross-section but with larger dimensions [10, 11] . This is also true for canals with an oval or flat crosssection, which are enlarged to a flat or oval cross-section of larger dimensions. The straightening of curved canals is also reduced; thus the original shape of the root canal is respected Manuscript accepted for publication July 30, 2014 a both longitudinally and cross-sectionally [12] .
Recently, with its gradually increasing popularity, passive ultrasonic activation of endodontic instruments has been suggested as a means to improve canal debridement [13] , canal disinfection [14] and canal sealing [15] . Passive ultrasonic irrigation (PUI) has also been recommended for removing Ca(OH) 2 from the root canal [16] . However, whether PUI as an effective irrigation method causes extrusion of irrigant from the apicalforamen remains unknown.
The EndoVac (EV; Discus Dental, Culver City, CA, USA) negative pressure irrigation system was developed to address the procedural challenge of delivering irrigants safely to the working length (WL). An EV placed to the WL resulted in significantly better debridement at 1 mm from the WL compared with NI, in teeth prepared to an ISO size #36 or larger [17] . Water was used to compare the safety of the available irrigation systems; the results showed no extrusion in any of the EV samples [18] . An intracanal aspiration technique produced limited extrusion of the irrigant compared with conventional NI [19] . In this study, we compared apical extrusion of NaOCl delivered with a 27-G irrigation needle, the EV, the SAF, or PUI during both instrumentation and the final irrigation of single-canal teeth. The effectiveness of debris removal using EV, PUI, SAF, or NI was compared.
Materials and Methods
Forty-two anterior teeth with a single root canal were used. All teeth were placed in physiological saline. The external surface of the teeth was cleaned with a hand scaler. The crown portion was removed using a diamond bur and the coronal part of the root was trimmed to 18 mm in length. The specimens were divided into four experimental groups according to the root canal irrigation system used: group 1 (n = 10), 27-gauge NI; group 2 (n = 10), SAF irrigation; group 3 (n = 10), PUI; group 4 (n = 10), the EV system. Teeth without irrigation were used as controls (n = 2).
The coronal portion was flared using #2, #3, and #4 Gates Glidden (GG) drills (Mani Inc., Tochigi, Japan). The WL was determined by inserting a size-15 file into the canal until the tip of the file was just visible at the apical foramen, and then subtracting 1 mm from that length. The teeth were mounted in resin blocks and the root canals were then instrumented to a master apical file size #30 with ProTaper Universal rotary instruments (S1, S2, F1, F2 and F3; Dentsply). To maintain patency, recapitulation and 0.5 mm over insertion of a #10 stainless steel hand file (DentsplyMaillefer) to the WL was performed after each instrumentation. After each file insertion, the root canal was irrigated with 1 mL of a freshly prepared 5.25% NaOCl solution. The final irrigation was performed with 2 mL of 5.25% NaOCl, then 2 mL of 17% EDTA followed by another 2 mL of 5.25% NaOCl. Irrigation in the NI group was performed with a 27-G slottipped endodontic needle (Monoject, Tyco Healthcare, Mettawa, IL, USA) and syringe. The needle was placed short of the binding point or 2 mm from the WL and irrigants were delivered over 30 s. In the SAF group, irrigants were delivered through the SAF according to the manufacturer's protocol. In the PUI group, irrigants were delivered according to the manufacturer's protocol (NSK Varios 970, NSK, Japan). In the EV group, the irrigant was delivered via the delivery/ evacuation tip at the orifice level.
After irrigation protocols, the teeth were marked at 1 and 3 mm from the apical foramen with a scalpel. A one-fourth round bur was used to deepen the marks by creating a shallow groove. The teeth were fixed with formalin for 24 h, then decalcified in a specific solution (7% nitric acid-formalin decalcification solution) for 7 days. Using a precise saw, the decalcified roots were cut at the shallow grooves formed at the 1 and 3 mm level from the apex. Serial sections 4 μm in thickness were placed on glass slides, observed by optical microscopy at × 128 magnification, and digitally photographed.
The images were captured using a Leica MZ75 stereomicroscope (Meyer Instruments, Houston, TX, USA) and 
Results
Amounts of remaining root canal debris in the four experimental groups are shown in Table 1 . The amount of debris remaining at 1 mm was 18.11% in the NI group, 7.12% in the SAF group, 12.71% in the PUI group and 4.42% in the EV group. The amount of debris remaining at 3 mm was 9.61% in the NI group, 5.22% in the SAF group, 8.42% in the PUI group and 2.61% in the EV group. The amount of debris at 1 mm in the EV group was significantly lower than in the other groups (P < 0.01). The amount of debris at 1 mm in the PUI group was significantly higher than in the SAF and EV groups (P < 0.01). The amount of debris at 3 mm in the EV group was significantly lower than in the other groups (P < 0.01). The percentages of the remaining root canal debris at 1 and 3 mm from the apex are shown in Table 2 . The amount of debris remaining at 3 mm was significantly lower than at 1 mm (P < 0.01). The amount of debris remaining in each root canal lumen area is shown in Figure 1 .
Discussion
Syringe irrigation is a method of irrigant delivery widely accepted among clinicians. This method may be effective in cleaning the coronal third of the root canals but may not clean the apical third because predictable delivery of irrigant to the WL with NI may not be achieved [20, 21] ; the irrigant can progress only 1 mm farther from the needle tip [4] . Lower positive pressure to deliver the irrigating solution 
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Mean ± SD P value 1 mm 10.59 ± 5.96 0.001** 3 mm 6.46 ± 3.14 does not allow sufficient irrigant to reach the WL. However, greater positive pressure and placement of the needle closer to the WL could increase the likelihood of periapical irrigant extrusion. In the clinical setting, the root canal behaves as a closed-end channel because the root is enclosed within the bony socket. This results in gas entrapment at its closed end, producing the vapor-lock effect which prevents the irrigant reaching the WL. This phenomenon can be overcome by using dynamic irrigation systems because they avoid air entrapment due to the continuous supply of fresh irrigant to the WL by negative pressure [22] .
The irrigation needle should be placed as close to the apex of the root canal as possible to remove debris effectively [23] . However, the needle tip is placed short of the WL during root canal irrigation to prevent binding to the dentinal walls. Additionally, a conventional irrigating needle cannot be inserted to the WL to prevent irrigant extrusion. For these reasons, the experiment was designed to place the needle a minimum of 2 mm short of the WL and use an up and down motion. Even in cases in which the needle could reach the WL, the inserted tip was placed at least 2 mm short of the WL.
In the EV system, the size of the microcannula is equivalent to ISO size 32 and the tip can reach the WL in the root canal enlarged to MAF #30. The irrigant was supplied from the pulp chamber and removed by application of negative pressure through the macrocannula or microcannula. The manufacturer claimed that their system could minimize extrusion of irrigant. Recently, Desai and Himel (18) demonstrated that the EV system did not extrude root canal irrigants.
In this experiment, the EV system was found to be effective in removing debris at the apical part of the root canal compared with conventional NI, SAF irrigation, and PUI. Nielsen and Craig-Baumgartner [17] reported similar results; however, they used a volume of irrigant that differed depending on the irrigation method. In the present study, an identical volume of irrigant was used regardless of the irrigation method.
In the present study EV exhibited greater efficacy that the other irrigation techniques in the apical 3 mm of the root canal. Although an identical volume of EDTA was used in both groups, the more efficient smear layer removal by EV was likely due to the turbulence created by the negative pressure in the EV system. Additionally, the direction of fluid flow was from the coronal to apical area in EV, but apical to coronal in conventional NI [24] .
Additionally, EV can deliver the irrigating solution to the WL with minimal risk of periapical extrusion. The mechanical flushing action of the irrigant is improved using EV, as the irrigant can be introduced in the root canal under pressure. EV avoids air entrapment due to the continuous supply of fresh irrigant to the WL by negative pressure [25] . Additionally, as the apical size increases, the likelihood of the holes in the microcannula contacting the root canal wall and becoming blocked decreases. The larger area surrounding the microcannula allows an increased volume of irrigant to reach the microcannula tip, resulting in effective smear layer removal. Nielsen and Craig-Baumgartner [17] reported that the performance of EV was superior to that of syringe irrigation in terms of removing debris from the apical third of the root canal.
Thorough cleaning of the root canal depends on effective irrigant delivery, solution agitation [26] and its direct contact with the entire canal wall, particularly in the apical third [26, 27] . SAF uses an irrigation device (Vatea; ReDent-Nova) that provides continuous irrigant flow during use. Because SAF is hollow, the irrigant enters the full length of the canal and is activated by the vibrating motion of the file's metal lattice, reportedly facilitating cleaning and debridement [10] . We used SAF in our study due to its continuous irrigation; however, SAF showed more apical extrusion than the other techniques and considerably more than the EV system. This may be explained by the simultaneous effects of both the SAF and the continuous flow of the irrigation solution. The Vatea pump, not the clinician, "controls" the irrigation procedure, which may lead to uncontrolled and uncalculated irrigation and consequently, apical extrusion.
PUI is generally accepted as more effective than conventional syringe-and-NI in terms of eliminating pulp tissue and dentin debris. The difference may be due to the ultrasound creating a higher irrigant flow rate in the canal, eliminating more debris, improving access of the chemical product to the accessory canals, and even the flushing effect of ultrasound but not manual irrigation [28] . Our results showed that in addition to these positive attributes, PUI may also push the NaOCl solution into periapical tissues, similar to other irrigation techniques, but showed significantly more apical extrusion than the EV technique.
In the present study, complete removal of the smear layer was not possible in the apical third of the root canal even using EV, possibly due to the dentinal tubules being irregular and fewer in number. Whittaker and Kneale [29] reported that fewer dentinal tubules per unit area were present in the apical third of the root canal wall. However, Carrigan et al [30] reported that evaluation of the apical third of the root canal for smear layer removal was difficult, possibly due to the smaller size of the dentinal tubules, which are often sclerosed compared with those in the coronal and middle thirds.
Conclusion
EV irrigation resulted in significantly less debris at both 1 and 3 mm from the apex compared with the other irrigation techniques. All of the irrigation techniques showed better results at 3 mm from the apex compared to at 1 mm. However, none of the four techniques completely removed the smear layer from the apical third of the root canal.
